ABSTRACT. This study aimed to assess genetic diversity in the germplasm of black pepper from around the world using SSR markers from EST. In total, 13 markers were selected and successfully amplified the target loci across the black pepper germplasm. All the EST-SSR markers showed high levels of polymorphisms with an average polymorphism information content of 0.93. The genetic similarity coefficients among all accessions ranged from 0.724 to 1.000, with an average of 0.867. These results indicated that black pepper germplasms possess a complex genetic background and high genetic diversity. Based on a cluster analysis, 148 black pepper germplasms were grouped in two major clades: the Neotropics and the Asian tropics. Peperomia pellucida was grouped separately and distantly from all other accessions. These results generally agreed with the genetic and geographic distances. However, the Asian tropics clade did not cluster according to their geographic origins. In addition, compared with the American accessions, the Asian wild accessions and cultivated accessions grouped together, indicating a close genetic relationship. This verified the 
INTRODUCTION
Black pepper (Piper nigrum L., 2n = 4x = 52) is one of the most valuable and economically important spice crops. Geographically, black pepper originated from the Western Ghats in south India, but later spread to Indonesia, Malaysia, and other pepper producing countries (Ranvindran, 2000) . P. nigrum, now adapted to a wide range of environmental conditions, grows in a vast altitudinal region. The variation in ecological characteristics has led to great inter-species diversity (Howard, 1973) . Black pepper was cultivated widely on the Asian continent, because of the humid climatic conditions and the daily consumption in the diet. Black pepper was traditionally used as a medicine for its antioxidant, anti-inflammatory, and anticancer properties (Liu et al., 2010; Nishimura et al., 2011) . Currently, black pepper is widely utilized in medicine, food industry, the military, etc. In 1947, black pepper was introduced into the Chinese Hainan Province from Indonesia. China has since grown into one of the main black pepper producing countries. The cultivating area is currently greater than 3 x 10 4 ha and the production is >3 x 10 4 tons annually, making China the fifth ranking country in the world in terms of total yield (Wu et al., 2009) . However, there is a disequilibrium due to the strong demand and insufficient supply in the market of China. By 2003, the average annual imports reached 0.3 x 10 4 tons, the top imports reach to 1.0 x 10 4 tons by far. Phytophthora foot rot disease has been recognized as one of the most devastating diseases for pepper. The infected plants generally show the symptoms leaf yellowing and dropping of branches, which eventually results in plant death. Every year, farmers need to replant to compensate for loss of plants due to the foot rot disease. Foot rot disease has caused severe economic damage in many countries (Anandaraj, 2000) . To date, researchers have not developed an efficient management method for controlling this disease. Some wild species (Piper colubrinum and Piper hainanense) have been considered to display high resistance to Piper capsici . Many black pepper germplasms have been collected, including wild pepper and cultivated varieties from Asia and America. It is sometimes difficult to study the genetic variability of black pepper germplasms, based on morphological characters. Little is known about the genetic variability of the collected material at the DNA level. In order to exploit the genetic diversity of the black pepper germplasm, it is therefore necessary to study it more in depth.
For efficient management, conservation, and utilization of germplasm, it is crucial to assess genetic diversity using molecular markers. Some studies of the genetic diversity of black pepper germplasms have been performed using DNA markers. The genetic diversity of the genus Piper in Hainan has been analyzed using ISSR, RAPD, and SRAP markers. The high genetic diversity in Jianfengling and Diaoluoshan demonstrate that conservation efforts for the genus Piper in these two localities are more effective than those in other localities in Hainan (Jiang and Liu, 2011a,b) . Based on ISSR markers, 56 accessions of black pepper collected from Asia and America could be divided into three groups corresponding to their geographic distribution (Fan et al., 2014) . Seven new SSR primers were generated to analyze the genetic diversity of 40 popular cultivars and four species of black pepper in the southern region of India (Joy et al., 2011) . Compared with AFLP, RAPD, and ISSR maters, EST-SSR (EST-derived SSR) markers have the advantages of simplicity, effectiveness, and reproducibility. They are also easily detected by polymerase chain reaction (PCR). They have a higher transferability to related species compared to SSRs (Zhang et al., 2013) . For the genus Piper, EST-SSR markers are more effective and reproducible than random amplified DNA markers and cheaper than SSR markers. Based on the black pepper transcriptome (NCBI accession No. SRX119532), EST-SSR markers have been successfully developed and applied to the genus Piper . Yet, EST-SSR studies of the genetic diversity of genus Piper have not previously been reported.
In the present study, we extend the analysis of genetic diversity in black pepper germplasm with 148 accessions, including wild species and black pepper varieties from Asia and the Americas, using transcriptome EST-SSR markers. Knowledge of the genetic variation of black pepper germplasm is important for its efficient use in breeding or grafting programs, and for conservation purposes. The results may be of use in the conservation of black pepper diversity and breeding.
MATERIAL AND METHODS

Plant material
A total of 148 wild species and varieties were used in this study (Table S1 ), including 104 wild species from Asia, 10 wild pepper from the Americas, 33 varieties from different countries, and one accession of Peperomia pellucida. These black pepper germplasms were collected from the National Black Pepper Germplasm Repository in Wanning City, Hainan Province of China.
Development of EST-SSR primers
Three transcriptomes of P. nigrum and Piper flaviflorum have been produced by our research group (NCBI accession Nos. SRX890122 and SRX708503). These were used to screen SSR motifs that harbor at least five repeats with di-, tri-, tetra-, penta-, or hexa-nucleotides, using the MISA software (MIcroSAtellite, http://pgrc.ipk-gatersleben.de/misa/) (Hu et al., 2015; Hao CY, Xia ZQ, Fan R, Tan LH, et al., unpublished results) .
The Primer Premier 6.0 software (PREMIER Biosoft International, Palo Alto, CA, USA) was used to design the EST-SSR primers. The primer design complies with the rules as follows: The optimal annealing temperature was around 60°C, and the amplified fragments ranged from 80 to 300 bp. The primers were filtered out, when aligned to more than one UniGene, or more than three mismatches in the 5' site and one mismatch in the 3' site aligned to the SSR-containing sequences. Primers were synthesized by Sangon Biotech Co., Ltd (Shanghai, China).
DNA extraction and PCR amplification
Genomic DNA of the panel accessions was extracted from young leaves using D2485-01 E.Z.N.A. HP Plant DNA Kit (OMEGA, Stamford, CT, USA), according to the manufacturer instructions. Target products were generated using the EST-SSR primers. The PCR was performed in a 20-µL total reaction volume. The PCR mixture comprised 20 ng genomic DNA, 2 µL 10X Taq buffer with (NH4) 2 SO 4 , 1.2 µL MgCl 2 (25 mM), 0.5 µL each primer (10 µM), 0.4 µL dNTP mix (10 mM) (MBI Fermentas, Burlington, Ontario, Canada), and 1 U of Taq DNA polymerase (MBI Fermentas). The PCR was performed in a thermocycler (Agilent SureCycler 8800 Gradient Cycler, Santa Clara, CA, USA) with the following program: an initial denaturation of 94°C for 5 min; 35 cycles of 94°C for 60 s, annealing at 53°/55°C for 60 s, and an extension temperature of 72°C for 60 s; and final extension at 72°C for 10 min. The PCR products were electrophoresed on an 8% polyacrylamide denaturing gel and visualized using silver staining (Creste et al., 2001) . A 50 bp ladder (Sangon Biotech Co., Ltd) was used as a size standard.
EST-SSR genotyping and data analysis
A total of 183 EST-SSR primers were tested to assess polymorphisms among six accessions (P. nigrum 'Reyin-1', P. nigrum 'BNYE-1', P. hainanense, Piper laetispicum, and Piper hancei). Finally, 13 primer pairs with clear and stable banding patterns were used to analyze the genetic diversity of black pepper germplasms. The presence (1) or absence (0) of bands in each individual plant was visually scored. Faint bands were excluded. POPGENE v. 1.32 was used to calculate the mean Nei's (1978) genetic diversity (H) and the Shannon diversity index (I) was used to estimate the level of genetic variation (Yeh et al., 1997) . The polymorphism information content (PIC) was used to represent the richness of alleles for markers in each population. The PIC values were calculated, based on the formula given by Botstein et al. (1980) . Genetic similarities were analyzed with Numerical Taxonomy and Multivariate Analysis System (NTSYS-pc) v. 2.0 (Rohlf, 1998) . Clustering analysis was conducted using the unweighted pair group method with arithmetic mean (UPGMA).
RESULTS
Characterization of EST-SSRs in the germplasm of black pepper
The allelic diversity was measured in 148 black pepper germplasms. All loci were polymorphic, revealing single locus profiles. The 13 SSR markers detected 160 alleles, in total. The number of alleles per locus ranged from 10 (PE06, PN03, and PE14) to 19 (PN04), with an average of 12.31 alleles per marker. An example of allelic polymorphism is shown in Figure 1 . The 13 selected UniGene sequences harbored di-and tri-nucleotide motifs. The BLASTn tool was employed to determine the putative functions of these UniGenes. Of the UniGenes, seven showed significant homology to signal transduction and transcription, general metabolism, binding function, and subcellular localization related genes (Table 1 ). 
Polymorphism of EST-SSRs in the germplasm of black pepper
Based on the origin of the germplasm, all accessions except P. pellucida were divided into three groups (American, Asian wild, and cultivated accessions) to analyze marker polymorphisms. In these groups, H ranged from 0.07 to 0.13, with an average of 0.10 and I ranged from 0.14 to 0.23, with an average of 0.18. The Asian wild accessions showed the highest H and I, whereas the cultivated accessions showed the lowest. In general, the genetic diversity trend of the three groups was Asian wild accessions > America accessions > cultivated accessions. The cultivated accessions showed the lowest genetic diversity compared to both the Asian wild and the America accessions. The PIC values varied between 0.91 and 0.95, with a mean of 0.93 (Table 2 ) and the highest PIC being found in the black pepper germplasms. The Asian wild accessions produced the highest number of alleles. For example, PE14 produced 10 putative alleles, of which 2, 10, and 4 alleles were detected in American, Asian wild, and cultivated accessions, respectively. The three groups typically shared the same alleles. In the case of the PN03 locus, the American accessions shared 60% of the bands with the Asian wild accessions and the cultivated accessions shared 100% bands with the Asian wild accessions. Some alleles were rarely detected in the panel. For instance, the amplified fragments of PN04-14 and PE15-9 were specifically detected in PL and QSHJ-NG. Furthermore, some alleles were preferentially present in certain groups. For example, PE02-5 and PE02-6 were specifically present in the Asian wild accessions, whereas PL02-8 was present in the American accessions. A high percentage of PN01-4 was specifically present in the cultivated accessions. 
Genetic relationship among genotypes in the germplasm of black pepper
The calculated genetic similarity coefficients of the panel accessions ranged from 0.724 to 1.000, with a mean of 0.867. The minimum coefficient of genetic similarity was found between HSJ-LY and YX003, whereas the maximum coefficient was found between PC001 and PC008. Moreover, the genetic similarity coefficients were the smallest between P. pellucida (CHJ-WN) and all other accessions, with an average of 0.787. The coefficients were higher among varieties, with an average of 0.914.
A dendrogram of the genetic relationships was constructed, using the UPGMA method. As shown in Figure 2 , at the genetic similarity of 0.835, two major clades were classified: the Neotropics and the Asian tropics. The Neotropic clade included all wild accessions from the Americas. Seven accessions that originated from the Americas formed a subcluster and three Piper umbellatum accessions fell into another subcluster. The Asian tropics clade included all 104 wild accessions from tropical Asian and all varieties from different countries. The wild and cultivated accessions were separated at a genetic similarity of 0.842. The wild species that came from different locations clustered together, except for P. laetispicum and Piper austrosinense. In general, the genetic basis of the cultivated accessions tended to be narrow. As the only representative of the genus Peperomia, P. pellucida was separated from the rest of the accessions at a genetic similarity of 0.782. Among all the amplified alleles of the American accessions, 17.46% were specific to the Neotropics clade. Furthermore, the Neotropic and the Asian tropic clades shared the same advantage alleles in all EST-SSR markers. The same situation was also found in the wild and cultivated accessions. Furthermore, PN01-4 was presented in 33 cultivated accessions, but only in eight wild accessions, suggesting it was more specific to the cultivated accessions.
DISCUSSION
Because of the characters of high abundance, codominant inheritance, and whole genome coverage, SSR has become a favored molecular marker. Studies have shown that SSRs are very useful for crop improvement in many species (Gupta and Varshney, 2000) . Compared with ESTSSRs, most gSSRs (genomic SSRs) are derived from the intergenic regions of the genomic BAC library, which usually have no gene function. In addition, developing gSSR markers is complex, difficult, and costly (Wang et al., 2010) . With the development of sequencing technology, ESTSSRs have been successfully applied in various crops, such as Gossypium (Wang et al., 2015) , grape (Scott et al., 2000) , coffee (Combes et al., 2000) , rubber tree (Feng et al., 2009) , and tomato (Zhou et al., 2015) . Because there are few available public sequence databases for black pepper or closely related species, it is difficult to develop gSSR primers (Joy et al., 2011) . Based on the rapid development of next-generation sequencing technologies, it is now feasible to develop molecular markers even for non-model organisms (Gardner et al., 2011; Zalapa et al., 2012) . This is the first study of genetic diversity using EST-SSRs in black pepper germplasm, which illustrated that it is feasible and convenient to develop EST-SSRs for black pepper. ESTSSRs are highly valuable resources for various applications, such as phylogenetic studies of the genus Piper and black pepper breeding. This paper presents the utilization of EST microsatellite DNA to investigate the level of genetic diversity in black pepper germplasms. The EST-SSRs showed high polymorphism, identified as high I and H values. In a previous study, the number of markers was shown to be similar to that found in 40 popular cultivars and four species of black pepper in the southern region of India, with the number of alleles per marker ranging from 6 to 33 and a mean of 15.5 (Joy et al., 2011) . The average PIC value, which indicates the discriminatory power of a DNA marker, was higher than that found in 40 popular genotypes and four species of black pepper (0.85; Joy et al., 2011) . The ISSR markers gave high values of effective number of alleles = 1.521 and H = 0.312 among 10 wild species and three cultivated accessions from Hainan, China (Jiang and Liu, 2011a) . These results suggest that black pepper germplasms possess a complex genetic background and a high genetic diversity. We believe that the characteristics of the genus Piper, such as dioecious plants, wind pollination, and ancient origins, are the main reasons of the high levels of genetic variation observed.
The two clades presented here are in agreement with the genetic and geographic distances. The genus Piper has been divided into three major clades: the Neotropics, the Asian tropics and the South Pacific, based on the ITS of nuclear ribosomal DNA (Jaramillo and Manos, 2001; Jaramillo et al., 2008) . The Asian tropics and the South Pacific clades were combined to a Paleotropical clade by Wanke et al. (2007) . The major clades identified here correspond to the description of Jaramillo and Manos (2001) . Although the Neotropic clade showed some specific alleles, it shared the same advantage alleles as the Asian tropics clade. The reason for this may be that they originated from south India but belonged to different geographical distributions. However, the paraphyly of the taxa did not show a geographic distribution in the Asian tropics clades. QSHJ-XSBN and QSHJ-BB, collected from Yunnan, clustered with Piper thomsonii from Hainan and Guangxi. QSHJ-LC, from Yunnan, clustered separately. The species collected from Hainan and other provinces did not cluster together, suggesting that species of the genus Piper with different geographic origins probably have at least some common genetic basis as a consequence of gene flow. Hence, it is worth to perform further studies of the Asian tropics clades. The cultivated accessions did not group strictly by origin or parents. PC and YX, hybridized by BNYE-1 and RY-1, grouped separately. The hybrids possessed more distant genetic similarity with other cultivated accessions, which illustrates that the genetic variation was broaden by hybridization.
Black pepper, one of the most important spices in the genus Piper, originated in the evergreen forests of the Western Ghats in south India. In the present study, the Asian tropics and the cultivar clades clustered together at a genetic similarity of 0.842. The close relationship between the cultivated and the Asian wild accessions verified the origin of black pepper. Until now, there are few studies revealing the origin of P. nigrum. Three species (Piper galeatum, Piper wightii, and Piper trichostachyon) have been considered the putative parents of P. nigrum based on morphological and biosystematic studies (Ranvindran, 1991) . The average genetic similarity coefficients (0.875) between P. flaviflorum and the cultivated accessions showed a close relationship. Black pepper is the product of artificial selection. The closely related wild species are better for expanding the genetic basis of black pepper. The wild species that displayed a close genetic relationship with the cultivated accessions may be useful for further breeding and grafting of black pepper. The excellent genetic resource in the wild species could be transferred to cultivars for black pepper genetic improvement.
